HsvG and HsvB, two paralogous type III effectors of the gall-forming bacteria Pantoea agglomerans pv. gypsophilae and P. agglomerans pv. betae, determine host specificity on gypsophila and beet, respectively. They were previously shown to be DNA-binding proteins imported into host and non-host nuclei and might act as transcriptional activators. Sequence analysis of these effectors did not detect canonical nuclear localization signals (NLSs), but two basic amino acid clusters designated putative NLS1 and NLS2 were detected in their N-terminal and C-terminal regions, respectively. pNIA assay for nuclear import in yeast and bombardment of melon leaves with each of the NLSs fused to a 2xYFP reporter indicated that putative NLS1 and NLS2 were functional in transport of HsvG into the nucleus. A yeast two-hybrid assay showed that HsvB, HsvG, putative NLS1, putative NLS2, HsvG converted into HsvB, or HsvB converted into HsvG by exchanging the repeat domain, all interacted with AtKAP-a and importin-a3 of Arabidopsis thaliana. Deletion analysis of the NLS domains in HsvG suggested that putative NLS1 or NLS2 were required for pathogenicity on gypsophila cuttings and presumably for import of HsvG into the nucleus. This study demonstrates the presence of two functional NLSs in the type III effectors HsvG and HsvB.
INTRODUCTION
Pantoea agglomerans, an epiphytic and commensal bacterium associated with many plants, was transformed into a hostspecific gall-forming pathogen on gypsophila and beet ). This was achieved by evolution of unique virulence plasmids, designated pPATH, that harbour most of the genes required for gall formation and host specificity. P. agglomerans pv. gypsophilae (Pag) elicited galls on gypsophila and hypersensitive response on beet, whereas P. agglomerans pv. betae (Pab) induced galls on both gypsophila and beet (Burr et al., 1991; Cooksey, 1986) . The pathogenicity of both pathovars was found to be absolutely dependent on the presence of a pPATH-borne type III secretion system (T3SS) and type III effectors (Barash & Manulis-Sasson, 2007) .
We have previously shown that HsvG and HsvB are paralogous type III effectors (78 % amino acid identity), present in both Pag and Pab, and determine host specificity on gypsophila and beet, respectively (Nissan et al., 2006) . Sequence analysis of the predicted HsvG and HsvB proteins from both pathovars revealed a T3SS recognition domain, a helix-turn-helix (HTH) region, and a direct repeat domain. Their structures were distinguished mainly by the presence of two direct repeats (71 and 74 aa) in HsvG as opposed to one repeat in HsvB. Exchanging repeats between HsvG-Pag and HsvB-Pab resulted in a switch of host specificities (Nissan et al., 2006) . Transient expression of GFP-HsvG or GFP-HsvB fusions in leaves of gypsophila, beet or melon (a non-host) showed that HsvG and HsvB localized to the nuclei of both host and non-host plants. By means of random binding-site selection (Okuno et al., 2001 ) and gel-shift assay, HsvG was demonstrated to be a double-stranded DNA-binding protein with a consensus DNA-binding site (Nissan et al., 2006) . The localization inside the nucleus, on the one hand, and the DNA binding, on the other hand, led to the hypothesis that HsvG and HsvB act as transcription activator-like (TAL) effectors. Transcriptional activation assays in yeast revealed that a single repeat of HsvG or HsvB was sufficient to activate IP: 54.70.40.11
On: Mon, 07 Jan 2019 20:51:42 transcription (Nissan et al., 2006) . Recent preliminary results demonstrated that also in planta HsvG and HsvB acted as TAL effectors in a host-specific manner (Nissan et al., 2009 ).
Translocation of proteins and RNAs across the nuclear envelope is a crucial process for the maintenance of eukaryotic cells (Hicks, 2005) . This process is also utilized by pathogenic viruses (Lazarowitz & Beachy, 1999) and tumour-inducing bacteria (e.g. Agrobacterium tumefaciens) (Tzfira & Citovsky, 2000) to transport protein-nucleic acid complexes into the nucleus for replication and incorporation of pathogen DNA into the host genome. The nuclear pore complex (NPC), composed of 50-100 different proteins (designated nucleoporins), is the only known functional path through which soluble molecules are transported (Doye & Hurt, 1997) . Molecules with molecular masses in excess of 40-60 kDa cannot pass through the NPC by simple diffusion, but require active transport against a concentration gradient. The active import of macromolecules is mediated by transferable signals, known as nuclear localization signals (NLSs), harboured within the transported substrates. For import into the nucleus, classical NLS-containing proteins bind to importin-a, which then forms a heterodimer with importin-b, the karyopherin that ferries the complex through the NPC. Following translocation, binding of Ran-GTP to importin-b releases importin-a and the NLS cargo (Goldfarb et al., 2004) .
Many NLSs have been found to contain basic amino acid clusters composed of several arginine and lysine residues that are essential for nuclear import (Sekimoto et al., 2005) . These NLSs are referred to as basic-type NLSs and they can largely be classified into two groups: monopartite and bipartite. Functional analysis is needed to determine whether a putative sequence functions as an NLS in the context of full-length proteins.
Because the predicted proteins of HsvG and HsvB have molecular masses of about 70 kDa (Nissan et al., 2006; Valinsky et al., 1998) , active import into the nucleus and the presence of NLS signals are expected. The only reported type III effectors harbouring NLSs belong to the AvrBs3/PthA family of Xanthomonas spp. (Gürlebeck et al., 2006; Yang & Gabriel, 1995) . Other phytopathogenic bacterial virulence proteins containing functional NLSs are VirD2 (Howard et al., 1992) and VirE2 , which drive A. tumefaciens T-DNA into the nucleus. Bioinformatic analysis of HsvG and HsvB did not reveal any significant similarities to canonical consensus sequences of NLS motifs. However, almost identical sites that contained arginine clusters, and which could function as potential NLSs, were detected in HsvG and HsvB. The objectives of the present study were to identify functional NLSs in HsvG and HsvB and attempt to determine their significance in pathogenicity.
METHODS
Bacterial strains, plasmids and pathogenicity tests. The bacterial strains and plasmids used in this study are listed in Table 1 .
Rifampicin-resistant wild-type strains of Pag824-1 or Pab4188, and their derivatives, were used throughout. These bacterial strains were grown in LB broth or agar, with appropriate antibiotics, at 28 uC. Escherichia coli strain DH5a was used as cloning host and was grown at 37 uC on nutrient agar plates or LB agar or broth with appropriate antibiotics. The antibiotics used were ampicillin (Amp) and rifampicin (Rif), both at 150 mg ml
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. Pathogenicity tests were carried out on fresh cuttings of Gypsophila paniculata 'Perfecta' (Danziger Ltd, Bet Dagan, Israel), essentially according to Lichter et al. (1995) . After removal of a 2-3 mm section from the bottom of the stem, the cuttings were inoculated by dipping into a bacterial suspension of 10 9 cells ml 21 , placed in a vermiculitefilled tray and maintained at 25-28 uC. High humidity was maintained by computer-controlled mist sprinklers (10 s every 30 min). Pathogenicity was scored 11-14 days after inoculation. Each treatment included six cuttings, and each experiment was repeated at least three times.
DNA manipulations and plasmid construction. DNA isolation, agarose gel electrophoresis, electroporation, PCR and other DNA manipulation methods were performed according to standard procedures (Ausubel et al., 1995) To facilitate determination of the functionality of the putative NLSs, the plasmid vectors pGAD424, pNIA3C and pSAT6-eYFP-C1 were modified into pGAD424C, pNIAVirE2MCS and pSAT6-2xeYFP-C1, respectively. These modifications enabled multiple cloning of all the putative NLS domains of hsvG and hsvB into BglII and SalI/XhoI sites of pGAD424C, pNIAvirE2MCS and pSAT6-2xeYFP-C1, to yield a series of plasmids designated pGA, pNIAVirE2MCS and 2xY, respectively (Table 1) . pSAT6-eYFP-C1 was modified into pSAT2xeYFP-C1 ( For constructing NLS-deleted mutants of HsvG, its ORF was cloned via PCR amplification into BglII and HindIII restriction sites of the expression vector pQE60 (Qiagen), to yield pQE60HsvG. In-frame deletions were constructed by employing opposite primers from which the desired deletion region was omitted (Table 2) (Nissan et al., 2006) . The primers were designed to create in-frame blunt-ended fragments to facilitate ligation. PCR was performed with Phusion high-fidelity DNA polymerase (Finnzyme); the resulting PCR fragments were purified and ligated according to the manufacturer's instructions and were cloned in-frame into the BglII and HindIII sites of pQE60, to yield pQE60DN1D and pQE60DN2D (Table 1) . In-frame NLS deletions in 2xYHsvG were generated by transferring the deleted hsvG fragments from pQE60 into pSAT6-2xYFP by using the BglII and HindIII sites to yield 2xYHsvGDN1D and 2xYHsvGDN2D (Table 1) Tzfira et al. (2005a) pSTT-AtKAP-a Arabidopsis importin AtKAP-a cloned into EcoRI-BamHI sites of pSTT91 This study pSTT-AtIMP-a3
Arabidopsis importin AtIMP-a3 cloned into EcoRI-BamHI sites of pSTT91 This study pSTT-AtIMP-a2
Arabidopsis importin AtIMP-a2 cloned into EcoRI-BamHI sites of pSTT91 This study pSTT-AtIMP-a5
Arabidopsis importin AtIMP-a5 cloned into EcoRI-BamHI sites of pSTT91 This study pSTT-AtIMP-a6
Arabidopsis importin AtIMP-a6 cloned into EcoRI-BamHI sites of pSTT91 This study pSTT-AtIMP-a7
Arabidopsis importin AtIMP-a7 cloned into EcoRI- Confocal imaging was performed as previously described (Nissan et al., 2006) , and confocal optical sections were obtained at 0.5 mm increments. 3D images were generated with the FLUOVIEW 500 software supplied with the laser-scanning confocal microscope.
Nuclear import in yeast. The nuclear import assay of the putative NLSs of HsvG was performed with pNIA vector, according to Rhee et al. (2000) . The strategy of the pNIA assay is based on expression in yeast cells of a triple fusion that involves a protein comprising bacterial mLexA, the yeast Gal4p activation domain (Gal4AD), and the tested protein. The mLexA-Gal4AD chimeric protein is unable to localize to the nucleus, because the NLS in mLexA has been eliminated, and because of this disability the transcriptional activator Gal4AD cannot activate the mLexA operon in yeast cells, which results in arrest of yeast-cell growth on histidine-deficient medium (Rhee et al., 2000) . Only when the test protein fused to the mLexA-Gal4AD chimera possesses a functional NLS will the mLexA direct the mLexA operator into yeast nuclei and enable yeast-cell growth on histidine-deficient medium (Rhee et al., 2000; Tzfira & Citovsky, 2001 ). However, pNIA encodes a small protein that lacks NLS sequences which may enter the nucleus by simple diffusion and therefore cannot be used in a nuclear localization assay for small proteins or peptides. To overcome this deficiency, a pNIA-VirE2 fusion (pNIAE2MCS) ( Table 1 ) was used to express the core protein for the nuclear localization assay because the NLSs of VirE2 were inactive in yeast (Tzfira & Citovsky 2001 ).
The A. tumefaciens genes virD2 and virE2 were used as positive and negative controls (Tzfira & Citovsky, 2001 ). The ORF of VirE2 from A. tumefaciens C58 was PCR-amplified with primers VirE2DanBg12_5 and VirE2DanXB_3 (Table 2) , digested with BglII and XhoI and cloned into BamHI and XhoI sites of plasmid pNIA3C, to yield pNIAVirE2MCS. The putative NLS1 and NLS2, the ORF of hsvG and the NLS of SV40 were PCR-amplified with appropriate primers used for construction of the various NLS domains (Table 2) , and were cloned via BamHI and XhoI sites into pNIAVirE2MCS, to generate pNIAVirE2MCSN1, pNIAVirE2MCSN2, pNIAVirE2MCSNK, pNIAVirE2MCS-HsvG and pNIAVirE2MCS-SV40NLS (Table 1) . All the pNIA fusions were transformed into Saccharomyces cerevisiae L40 cells and grown on yeast nitrogen base (YNB) medium (Difco) deficient in tryptophan, at 30 uC for 48 h. Colonies were then harvested and diluted in yeast-extract/ peptone/dextrose (YPD) medium to OD 600 0.1. Each of the yeast strains was further subjected to a series of tenfold dilutions and used for replica plating on YNB medium deficient in tryptophan as compared to YNB deficient in tryptophan and histidine (Rhee et al., 2000) . Yeast protein extraction and Western blotting for the different constructs were carried out according to Salomon et al. (2009) . Yeast cultures were incubated overnight in liquid SD medium (Difco) containing 2 % glucose to OD 600 0.6. The pellet of 1 ml culture was resuspended in lysis buffer (0.2 M NaOH, 0.5 % 2-mercaptoethanol) and incubated on ice for 30 min. Total protein was separated by 10 % SDS-PAGE, transferred onto a nitrocellulose membrane and probed with anti-LexA antibodies (Upstate Biotechnology) as primary antibodies and goat anti-rabbit (Santa Cruz Biotechnology) as secondary antibodies.
Yeast two-hybrid assay for NLS-importin-a interactions. The Matchmaker yeast two-hybrid system (Clontech Laboratories) with the bait vector pSTT91 (a LexA yeast expression vector; Amp r , TRP1; derivative of pBTM116KNAde2) (Bhattacharjee et al., 2008) and the prey vector pGAD424C (Table 1) were employed to test the binding of Arabidopsis thaliana importins to the functional NLSs of HsvG and HsvB. EcoRI-BamHI cDNA fragments of the corresponding importins-a, namely AtKAP-a, AtIMP-a2, AtIMP-a3, AtIMP-a5 and AtIMP-a6, were individually subcloned into EcoRI-BamHI sites of pSTT91 to obtain pSTT-AtKAP-a, pSTT-AtIMP-a2, pSTT-AtIMP-a3, pSTT-AtIMP-a5 and pSTT-AtIMP-a6, as described by Bhattacharjee et al. (2008) . The hsvG and hsvB genes and their functional NLS1 and NLS2 were PCR-amplified and cloned into pGAD424C as described above, using BglII and XhoI sites. Similarly, hsvG converted into hsvB and hsvB converted into hsvG (Nissan et al., 2006) were also cloned into pGAD424C. The human lamin C fragment (pSTT-lamin) (Table  1 ) (Ballas &Citovsky, 1997) and the NLS of SV40 (Tzfira et al., 2005b) were used as negative and positive controls, respectively. The bait and prey plasmids were transformed into S. cerevisiae L40. Proteinprotein interactions were tested by comparing growth on YNB medium deficient in tryptophan with that on YNB medium deficient in tryptophan and histidine, supplemented with 3 mM 3-amino-1,2,4,-triazole to exclude false-positive results (Hilton et al., 1965) . The expression of the constructs was confirmed by Western blotting as described above for the pNIA fusions. Fig. 1 . Schematic representation of HsvG protein and the putative NLS domains. TES denotes a recognition motif (first 39 aa) for the T3SS; HTH refers to a region of helix-turn-helix motifs; R1 and R2 are two direct repeats; NLS1 and NLS2 denote locations of the putative NLSs. NK denotes the location of the lysine cluster. The following transformed plasmids were tested in yeast strain L40 as described in Methods: NIAE2, pNIAVirE2, a negative control of VirE2 in pNIA3C; MCS, pNIAVirE2MCS is pNIAVirE2 with an insertion of multiple cloning sites; N1, pNIAVirE2MCSN1 is pNIAVirE2MCS with fused putative NLS1 domain; NK, pNIAVirE2MCSNK is pNIAVirE2MCS with fused lysine domain; N2, pNIAVirE2MCSN2 is pNIAVirE2MCS with fused putative NLS2 domain; SV40, pNIAE2MCS-SV40NLS is a positive control containing the NLS of SV40; HsvG, pNIAVirE2MCS-HsvG is pNIAVirE2MCS with fused ORF of hsvG; VirD2, pNIAvirD2 is a positive control fused with the NLS of VirD2. All fusions grew on tryptophan-deficient YNB medium, indicating the presence of pNIA, whereas only yeast cells transformed with plasmids containing NLS1 and NLS2 domains as well as the positive controls but not NK domain could grow on YNB lacking tryptophan and histidine.
RESULTS AND DISCUSSION

Detection of putative NLS sequences in HsvG and HsvB
BLAST and alignment analyses of comparisons of HsvG-Pag (GenBank accession no. U61275) and HsvB-Pab (DQ333959) with known NLS sequences did not reveal any significant similarities to reported NLS motifs. However, a search for arginine clusters in the amino acid sequences of HsvG and HsvB indicated the presence of two identical putative NLS domains, designated NLS1 and NLS2, in the N-terminal and C-terminal regions of the proteins, respectively (Fig. 1) . The putative NLS1 domain (amino acids 97-112) of HsvG and HsvB included the amino acids PGRLQEPDRLRRDAHV and the putative NLS2 domain (amino acids 586-593) included the amino acids VRRVREAL. A lysine cluster, designated NK, was also detected in the centre of the two proteins (amino acids 282-299); it included the amino acids GTVYKKNSNGHDSIDKKA. The putative NLS domains could not be assigned to either the monopartite or the bipartite category (Sekimoto et al., 2005) . It is noteworthy that the NLSs characterized in type III effectors of the AvrBs3/ PthA family are generally of the monopartite type (Ishihara et al., 2003; Szurek et al., 2001) . In contrast, nuclear import of the T-DNA of A. tumefaciens is mediated by two bacterial proteins, VirD2 and VirE2, each of which contains a functional bipartite NLS (Hicks, 2005) . Another feature that distinguishes the NLSs of HsvG/HsvB from those of the AvrBs3/PthA family is their location on the effector proteins. The NLS1 and NLS2 of HsvG/HsvB are present in the N-terminal and C-terminal region, respectively, whereas the observed two or three functional NLSs characteristic of AvrBs3/PthA family effectors are arranged in tandem in the C-terminal region (Schornack et al., 2006; Szurek et al., 2001; Yang et al., 2000) .
Analysis of the putative NLS and NK domains of HsvG for nuclear import in yeast cells
The ability of the putative NLS1, NLS2 and NK domains of HsvG to allow nuclear import was examined by using the pNIA genetic system for functional nuclear import in yeast. pNIA fusions were generated with each domain, with VirE2 as a negative control, and with SV40 and VirD2 as positive controls (Rhee et al., 2000) . All the yeast strains grew well up to dilutions of up to 10
23
-10 24 in YNB lacking tryptophan, suggesting the presence of the pNIA plasmid (Fig. 2a) . In contrast, only the pNIA fusions with the putative NLS1 and NLS2 domains as well as the positive fusion controls with SV40 and VirD2 grew, at dilutions of 10 23 to 10
24
, on YNB medium that lacked tryptophan and histidine (Fig. 2b) . No growth was observed with either the NK fusion or the negative controls pNIAvirE2 and pNIAvirE2MCS, which suggests that the lysine cluster NK cannot support nuclear import. The pNIA-HsvG fusion, which contained the whole gene, supported yeast growth up to 10 24 dilution and was similar to the SV40 and VirD2 positive controls (Fig. 2b) .
Putative NLS1 and NLS2 are functional in nuclear import in planta HsvG and HsvB had been previously shown to be readily localized to the nuclei of their hosts and the non-host plant, melon (Cucumis melo L. 'Arava') (Nissan et al., 2006) . Therefore melon cotyledons were used to test the functionality of the putative NLSs for nuclear import in planta. The pSAT6-eYFP-C1 vector, encoding YFP (Tzfira et al., 2005b) was employed to generate fusions with putative NLS domains. Because of the small size of the YFP (~27 kDa), a second YFP gene was introduced into the vector to form the 2xYFP fusion, namely, pSAT6-2xeYFP-C1, which, together with the tested NLS domain, produced a molecule large enough to require active nuclear import (Krichevsky et al., 2006; Rhee et al., 2000) . Localization of the putative NLSs within the plant cell was conducted by Fig. 3 . Transient expression of 2xeYFP-NLS fusions obtained by particle bombardment of melon leaves. The following fusions generated in the plasmid pSAT6-2xeYFP-C1 (Table 1) were tested: (a) the vector only; (b) p2xYSV40 -NLS of SV40; (c) p2xYN1D -NLS1 domain; (d) p2xYN2D -NLS2 domain; (e) p2xYHsvG -HsvG fused to 2xeYFP; (f) p2xYNKD -NK domain fused to 2xeYFP. Photographs were taken with an inverted laser scanning confocal microscope.
particle bombardment followed by confocal microscopy examination. Bombardment with 2xYFP, the vector negative control, resulted in yellow fluorescence distributed in the cytoplasm and in the nucleus (Fig. 3a) , apparently by diffusion. When 2xYFP was fused to SV40 NLS the fluorescence was limited to the nucleus (Fig. 3b) . Similar results were obtained with fusions to the putative domains NLS1 or NLS2, and HsvG ( Fig. 3c-e) . Fusion with the NK domain gave results similar to the vector negative control (Fig. 3f) , with the yellow fluorescence located in the cytoplasm as well as the nucleus. DAPI staining confirmed the coincidence of the yellow fluorescence with the nuclei, which stained blue (results not shown). The results obtained indicate that putative NLS1 and NLS2 can support nuclear import in planta. In contrast, although the NK domain could have some weak nuclear import activity, it is not as efficient as the two other NLSs. Considering also the fact that it could not support nuclear import in yeast it can be concluded that it does not function as an NLS in HsvG.
Binding of putative NLS1, NLS2, HsvG and HsvB with nuclear localization proteins HsvG and HsvB, or their putative NLS domains, were examined for their interaction with importin-a nuclear receptor proteins. Five members of the Arabidopsis thaliana importin-a family (Bhattacharjee et al., 2008) were tested for binding with HsvG, HsvB and their NLSs. The Matchmaker yeast two-hybrid system was employed, with pSTT91 used as the bait vector encoding the importin-a proteins (i.e. , with pGAD424C as the prey vector. HsvG, HsvB, HsvB converted to HsvG, and HsvG converted to HsvB (Nissan et al., 2006) , and the putative NLS1 and NLS2, were separately cloned into the prey vector. The unrelated protein C-Lamin (pSTT-lamin) served as a negative control, and pGA-SV40 (Table 1) (Fig. 4) . Similarly, HsvG converted Fig. 4 . Yeast two-hybrid assay for interaction of HsvG and HsvB with nuclear import proteins. 1, pSTT-lamin negative control; 2, pSTT-AtKAP-a; 3, pSTT-AtIMP-a3. pGAD424C constructs encoding the following proteins were used as the prey vector: HsvB, HsvG, HsvB converted into HsvG (BcG), HsvG converted into HsvB (GcB), HsvG NLS1 domain (N1G), HsvG NLS2 domain (N2G), HsvB NLS1 domain (N1B) and SV40 NLS. The upper panel displays growth on tryptophan-deficient YNB medium. The lower panel is a replica grown on tryptophan-and histidine-deficient YNB, with 3 mM 3-amino-1,2,4,-triazole added to eliminate non-specific growth. Dilutions are shown on the left of each panel. All constructs interacted with AtKAP-a and importin-a3, but not with the pSTT-lamin control. Constructions of pSTT plasmids harbouring the Arabidopsis thaliana importin-a proteins are described in Methods. The ability of HsvG and HsvB NLSs to bind importin-a proteins of Arabidopsis provides additional confirmation of their active role in nuclear import. The observation that AtKAP-a and importin-a3 interacted with functional NLSs of HsvG and HsvB, but that three other importins-a did not, illustrates the selectivity of the interaction between importins-a and their cargos. Although the importins-a are generally conserved across kingdoms, they can be both specific and versatile in recognizing individuals among a multitude of cargos (Cook et al., 2007) . The fact that HsvG converted to HsvB interacted with the Arabidopsis importins similarly to the reverse conversion product (achieved by exchange of the repeats region) further confirmed the identical nature of the NLSs in both effectors. Interestingly, VirD2 from Agrobacterium tumefaciens also bound to AtKAP-a (Ballas & Citovsky 1997) .
Deletion of either NLS1 or NLS2 of HsvG abolishes Pag pathogenicity on gypsophila NLS-deletion mutants of HsvG fused in-frame to the expression vector pQE60 were employed to test whether they are essential for pathogenicity of Pag on gypsophila. Deletion mutants of HsvG in NLS1 (pQE60DN1D), NLS2 (pQE60DN2D), and fusion of the intact ORF (pQE60HsvG) ( Table 1) were transformed by electroporation into a nonpathogenic marker exchange mutant of hsvG (PagMxB45) (Valinsky et al., 1998) . Gypsophila cuttings were inoculated, and gall formation was recorded after 14 days. Results indicate that deletion of either the NLS1 or NLS2 domain could not complement the hsvG mutant (Fig. 5) . In contrast, pQE60 expressing the intact hsvG gene could complement the hsvG mutant. These results could suggest that pathogenicity is dependent on the presence of both. However, the possibility that these deletions affect the three-dimensional structure of HsvG and consequently its functions in pathogenicity cannot be excluded. Therefore the conclusion that both NLSs are required for pathogenicity is equivocal.
Concluding remarks
In summary, the following lines of evidence suggest that putative NLS1 and NLS2 of HsvG or HsvB are functional localization signals (Table 3) : (1) NLS1 and NLS2 support nuclear import in yeast, via the pNIA assay; (2) NLS1 and NLS2 drive nuclear localization of a 2xYFP reporter in melon cotyledons; and (3) NLS1 and NLS2 interact with Arabidopsis importins-a in a yeast two-hybrid system. It was also observed that in-frame deletion mutants of either NLS1 or NLS2 abolish pathogenicity. The basic amino acids arginine and lysine are marked with bold letters. pNIA refers to the assay for nuclear import in yeast cells; 2xYFP refers to nuclear import in planta; AtKAP-a and AtIMP-a3 refer to HsvG/HsvB binding to importins a by yeast two-hybrid assay; 'Effect on pathogenicity' refers to tests carried out on gypsophila cuttings. + and 2 denote positive or negative result, respectively; ND, not determined. 
